We report on the study of high frequency magnetotransport properties of the chromium dioxide (CrO 2 ) thin films, grown on Si substrate using chemical vapor deposition. The film exhibits a ferromagnetic transition with a Curie temperature near 390 K. The temperature dependent spontaneous magnetization follows Bloch's law. The impedance spectra, being analyzed based on the fundamental electrodynamics, are demonstrated to be in a low-loss dielectric limit along with the occurrence of dielectric relaxation and magnetization response. The specific features of impedance spectra, distinct from the usual metallic ferromagnet, are attributed to the half metallic nature of CrO 2 . The results explore the possibility for high frequency device applications.
I. INTRODUCTION
The ferromagnet chromium dioxide (CrO 2 ) is one of the technologically important transition-metal oxides. The theoretical band structure studies by Schwarz 1 and others 2 imply that CrO 2 is a half metallic ferromagnet; that is, the majority electrons have a metallic band structure, while the minority ones have a semiconductor-like energy gap at the Fermi surface. This type of band structure should yield interesting results in a tunneling device, which was studied by Bratkovsky 3 and expected to show very large magnetoresistance. Although many studies of magnetotransport [4] [5] [6] and magneto-optics 7, 8 provide important information about the spin polarization in CrO 2 , there have been only a few reports so far on the high frequency transport properties.
In this article, we present the study of the magnetotransport properties of a chemical vapor deposited CrO 2 thin film, at frequency from 20 to 1 MHz. Experimental results have demonstrated that the film exhibits a specific feature of impedance spectra, distinct from usual metallic ferromagnet, attributed to the half metallic nature of the CrO 2 film. The results explore the possibility of high frequency device applications.
II. EXPERIMENTAL AND RESULTS
For our high frequency impedance measurements, a CrO 2 film was utilized. The CrO 2 film was obtained with the chemical vapor deposition method by using CrO 3 as a precursor with the deposition temperature at 400°C on a Si͑100͒ substrate. The x-ray diffraction measurements showed the film having high phase purity. The magnetization of the film was measured with a vibration sample magnetometer ͑VSM͒ ͑LakeShare VSM7307͒. The temperature dependent spontaneous magnetization M s (T) shows that the CrO 2 film exhibited a ferromagnetic-paramagnetic phase transition with a Curie temperature around 390 K, similar to the most published results. [5] [6] [7] [8] [9] Moreover, the M s (T) data follow a linear function of T 3/2 , as demonstrated in Fig. 1 [5] [6] [7] [8] [9] In order to study the high frequency transport properties for the ferromagnetic half metal of CrO 2 , the impedance of the CrO 2 thin film was measured by a HP4284A Impedance Analyzer with a frequency range from 20 Hz to 1 MHz. Figure 2 shows the temperature dependence of the real and imaginary components of the impedance (ZϭRϩiX) for the CrO 2 thin film. The observed Z(T) reveals several specific features in the real and imaginary components. temperature dependence of the real components R(T) increases with increasing temperature. Second, change of slope occurs at TϷ390 K, corresponding to the Curie temperature where a ferromagnetic-paramagnetic phase transition occurs, while the derivative dR(T)/dT remains positive. At low frequency of f ϭ20 Hz, the temperature dependence of the real components is similar to that of dc measurements. In modeling the dc resistivity behavior, several reported studies have assumed that the metallic majority and semiconductor minority electrons act in parallel, and forms a simple model 9 of R(T)ϭR 0 ϩ␣T 2 exp(Ϫ⌬/T). We have done a tentative analysis of R(T) in the same scheme for low frequency measurements. It appeared that experimental data can well fit the above expression; for the case of f ϭ20 Hz, by taking R 0 ϭ75⍀•␣ϭ8.5ϫ10 Ϫ4 ⍀k
Ϫ2
•⌬ϭ76k. We have noticed that a crossover in the slope of R(T) from positive to negative occurs when the temperature varies from 300 K up to above T c , with the measuring frequency above 1 kHz. It turns out that the experimental R(T) of f /1 kHz cannot be fitted consistently to the expression of T 2 exp(Ϫ⌬/T). The result implies other mechanisms may be involved for high frequency transport properties, rather than spin-disorder scattering 5, 9 or electron-magnon scattering 9 assumed for the possible origins of a T 2 temperature dependence.
On the other hand, the temperature dependence of the imaginary components of the impedance X(T) also show several specific features. At a frequency below about 500 Hz, the experimental data of X(T) are positive and smoothly increased with the temperature, resembling the ac dissipative behavior in the case of a metallic sample, while at a frequency above about 1 kHz, the value of X(T) becomes negative and the X(T) curve shows an upturn at near T c . The absolute value of X(T) is similar to that observed in the metal-insulator crossover of La 0.5 Ca 0.5 MnO 3 .
10, 11 The result implies that high frequency may enhance the specific feature of a transition from metallic approaching semiconductor-like in the CrO 2 thin film. To understand the mechanism underlying the phenomena of the frequency induced transition in the CrO 2 , we have performed measurements of the frequency dependence of the impedance. Figure 3 shows the frequency dependence of the real and imaginary components of the impedance for the CrO 2 thin film, at Tϭ300-420 K. The resistive component R( f ) decreases monotonically with frequency and exhibits negative curvature in the frequency range from 20 Hz to 1 MHz. On the other hand, the reactive component X( f ) displays a positive curvature in the entire frequency range. It is noted that the tendency of the curvature shows minor change as the temperature crossover T c for both R( f ) and X( f ).
We have tentatively analyzed the impedance spectra in the CrO 2 thin film, based on fundamental electrodynamics. 12 The impedance of electromagnetic fields propagating in a continuous
, where is the conductivity of matter. For a good conductor under the condition of / ӷ1, impedance is approximated as ZХ(/) 1/2 , while in case of low loss dielectrics at /Ӷ1, the expression of impedance can be rewritten as ZХ(/) 1/2 . As a first trial analysis, we have assumed the CrO 2 to be conducting metal and have taken into account the response of dynamical magnetization, which the magnetic permeability ϭ 0 ϫ͓ 0 /(1ϩ H )ϩ1͔, where 0 is the initial susceptibility and H is the relaxation time due to magnetization response. However, we failed to obtain good agreement of the experimental data with the theoretical model. Since the ferromagnetic CrO 2 has shown poor metallic properties, we have assumed the CrO 2 thin film to be a low loss dielectric media, in which the dielectric response and dynamical magnetization could be contributed for the impedance spectra. When the samples were subjected to a electromagnetic field, the dielectric constant could be replaced by ϭ 0 ϫ͓( 0 Ϫ1)/(1 ϩ E )ϩ1͔, where 0 is the static dielectric constant and E is the dielectric relaxation time. Thus, the impedance Z is expressed as
With the above expression, we can obtain good agreement of the measured impedance with the theoretical model by taking suitable parameters: E ϭ4.14ϫ10 Ϫ7 s and H ϭ4.45 ϫ10 Ϫ7 s, in the case of Tϭ343 K. The result implies that our observed phenomena of frequency enhanced metalsemiconductor-like transition in the impedance might be correlated to the interplay of transport electron, dielectrics, and magnetization state in the CrO 2 film. Further analysis of E , H , k 0 , and 0 obtained from fitting can deduce the parameters of Ј(), Љ(), Ј(), Љ() and relaxation variation i ϰexp(E/kT). Details of the study will be reported elsewhere.
III. CONCLUSION
We have performed a systematical study of high frequency transport properties on the CrO 2 thin film. The film exhibits a ferromagnetic transition at a Curie temperature near 390 K. The temperature dependent spontaneous magnetization follows Bloch's law. The impedance spectra have been demonstrated to have a low-loss dielectric limit, of which the occurrence of dielectric relaxation and magnetization response needs to be taken into account in the analysis based on the fundamental electrodynamics. The specific features of impedance spectra, distinct from the usual metallic ferromagnet, may be correlated to the interplay of transport electrons and the magnetic ordering state in the CrO 2 film. The results explore the possibility for high frequency device applications in CrO 2 .
